Abstract. Permanent magnet slip clutch is a new type of contactless transmission device with the main feature of great energy-saving potential while it has difficulty in controlling speed regulation. Permanent magnet slip clutch and corresponding DC chopper speed regulating circuit were designed based on the requirements of the transmission mechanism in a new type of electronically controlled hydraulic power steering system (E-ECHPS) installed on a heavy-duty commercial vehicle. In the load condition, the speed regulating was perfectly functional and the operation was stable. In this case, the prototype of permanent magnetic slip clutch was developed and the bench test system was constructed. The relationship between output speed and duty cycle of speed regulating circuit in high load condition was obtained by experiment. The speed regulating response could meet the requirements of E-ECHPS. The results show that permanent magnet slip clutch has a good function and a reliable performance of speed regulating, and it is of great theoretical guidance and practical reference value for the design optimization of contactless transmission devices.
Introduction
The contactless transmission device based on the electromagnetic mechanics principle is an important torque transmitting elements. Electromagnetic slip clutch which appeared in the 1960s has been widely used in drag systems such as papermaking, textile, metallurgy, lifting machinery, ships, auto transmission, etc, because of no mechanical wear, simple control, and the possibility of infinitely variable speeds [1, 2] . Magnetic powder clutch is a kind of slip clutch with the magnetic powder as the working medium to transmit torque, which is widely used in industrial automation control. It can change the electromagnetic force between the magnetic powder and the torque by adjusting the excitation current [3] . In modern electric power transmission technology, the permanent magnetic speed regulating device is widely used. In the theoretical and experimental research of permanent magnetic contactless speed regulating devices, Wallace A et al. [4] have done a lot of investigations on disc permanent magnet eddy current couplings, adopted core technology of permanent magnet eddy current driving to transmit torque between the conductor plate and permanent magnet disc and realized speed regulating via the driving mode of low voltage variable frequency. Liu W. et al. [5, 6] have achieved speed regulating by adjusting the air gap thickness based on changed the axial distance between the conductor plate and permanent magnet disc. Yang C.J. et al. [7] have studied the transmission characteristics of 18 pole 16 slot asynchronous magnetic couplings to conclude the influence of different working parameters on the transmission torque and transmission efficiency of the magnetic coupling.
The permanent magnet slip clutch (PMSC) is a new type of contactless transmission device. The biggest difference between PMSC and the electromagnetic slip clutch is the magnetic pole of the inner rotor which uses permanent magnet excitation. Compared with the traditional electromagnetic slip clutch, there is no need for the inner rotor of PMSC to set DC winding to excite, therefore PMSC has smaller volume and moment of inertia as well as better dynamic balancing performance, and at the same time it saves the energy of DC excitation. The corresponding DC chopper speed regulating circuit was designed according to the requirements of speed regulating transmission mechanism in electronically controlled hydraulic power steering system. The bench test of PMSC prototype system was carried out. The results show that the PMSC has good functions in transmission torque and speed regulation.
Mechanical Structure and Working Principle
Mechanical structure of PMSC is shown in Figure 1 . It can be found that PMSC contains the outer rotor, inner rotor and speed regulating circuit. The outer rotor is embedded with three-phase winding, which is connected to the speed regulating circuit via slip rings and brushes. The permanent magnet is pasted on the surface of inner rotor, which is a rotor structure with concealed poles. The outer rotor as the input terminal is connected to the driving shaft, and the inner rotor as the output terminal is connected to the driven shaft. The inner and outer rotors rotate coaxially and have no mechanical connection. 
External Speed Regulating Circuit
The air gap magnetic field of PMSC is established by the permanent magnet. The strength of the air gap magnetic field cannot be changed by altering the excitation current just like electromagnetic slip clutch which adjusts the output torque so as to regulate the speed. Therefore, the external circuit of PMSC is used to realize the purpose. The PWM DC chopper speed control system based on fully-controlled power switch devices has the advantages of high switching frequency, fast response, strong anti-interference ability, wide range of speed regulating as well as little loss and fever of the motor. In addition, the main circuit is simple so that it is easy to control [8] . Therefore, the method of DC chopper speed regulating of PWM transform type was adopted to control the speed of PMSC. The speed regulating principle of PMSC is shown in Figure 2 . 
Prototype Bench Test
PMSC prototype and bench test system were made according to the design scheme, as shown in Figure 3 . Figure 3 (a) shows the test bench including variable-frequency motor, PMSC prototype, torque-speed transducer, magnetic powder dynamometer and resistance. Figure 3 (b) shows that the PMSC outer rotor three-phase winding has been passed through the current transducer before being implemented with the three-phase bridge rectifier. A current transducer is used for detecting three-phase current of PMSC outer rotor winding in real time. Inductance is not connected in series in the circuit is because the three-phase winding of PMSC prototype ontology has built-in inductance with the size of per phase as 0.36 mH. The double-barreled type of IGBT power tube with a driving circuit and the diode inside is selected. The diode is used to prevent the capacitor from discharging to the ground, which is equal to ones in the boost circuit. The size of the capacitor is 8 µF, and the two ends are connected with the load resistance by wires. Power output is not enough because the control circuit needs to be isolated to prevent interference. Then the circuit is equipped with two linear switching power supplies, which are both AC-DC and have the identical function. The 220 V AC power supply is converted to ±15 V and 5 V DC power supply; ±15 V DC power supply provides power for the current transformer; 5 V DC power supply provides power for the single board of the controller. The connection or disconnection of the switching power supply is controlled by the 3p air switch.
Speed Regulation Function Test
In the high load condition, the variable-frequency motor speed was set to 700 rpm as the input speed of PMSC, and the torque of magnetic powder dynamometer was loaded to 40 N·m. The corresponding relationship between IGBT duty cycle and PMSC stable output speed was obtained under this condition, as shown in Table 1 . PMSC output speed is about 300 rpm when the duty cycle is 0.89 in simulation, but only the duty cycle is 0.9 could PMSC prototype output speed be about 300 rpm in actual test. PMSC prototype output speed is about 606 rpm when the duty cycle is 1, which is also smaller than the speed 635 rpm in simulation. This is due to mechanical friction loss between the prototype and bench, leading to a small decline in power.
Speed Response Test
In this paper, the PMSC was designed based on E-ECHPS [9] . The E-ECHPS system requires that the PMSC output speed should change between 300 to 600 rpm. High load refers to that the vehicle changes from the direct movement to steering. In this condition, the required time for the output speed to increase from 300 rpm to 600 rpm is inspected. Low load refers to that the vehicle changes from steering to the direct movement. In this condition, the required time for the output speed to decrease from 600 rpm to 300 rpm is inspected. The response time of the former must be less than 0.5 s while that of the latter can be less than 2 s in principle because the steering power is reduced to make the steering pump run at the lowest stable speed, which has lower requirements for the response time.
In the high load condition, the IGBT duty cycle of speed regulation circuit was set to 0.9 to get the initial speed of 300 rpm. When the initial speed was stable, the duty cycle was adjusted to 1 quickly and the transient changes of output speed was observed and recorded, as shown in Figure 4 . In the low load condition, the IGBT duty cycle of speed regulation circuit was set to 0.1 to get the initial speed of 600 rpm. When the initial speed was stable, the duty cycle was adjusted to 0.06 quickly and the transient changes of output speed was observed and recorded, as shown in Figure 5 .
In the high load condition, the response time that the output speed of PMSC prototype is increased from 300 rpm to 600 rpm is 0.25 s. Though much larger than 0.05 s in speed regulating simulation, it still meets the standard of E-ECHPS that the system pressure must rise to the maximum power in 0.5 s. In a low load condition, the response time that the output speed of PMSC prototype is decreased from 600 rpm to 300 rpm is 0.8 s, which is larger than 0.5 s in speed regulating simulation. But it still meets the requirement that the response time must be less than 2 s when the steering power is decreased.
Summary
From the point of practical application, a new type of permanent magnetic transmission device called PMSC was designed according to the requirements of transmission mechanism in a new type of E-ECHPS for heavy-duty vehicles, the speed-regulating method was re-searched particularly, and the DC chopper speed regulating circuit based on IGBT power transistor was adopted. The PMSC prototype and the corresponding bench test system were made according to the design scheme. The speed regulation circuit of the prototype is perfectly functional. The relationship between PMSC output speed and IGBT duty cycle in the high load condition is studied. The response is fast when PMSC output speed is increased in the high load condition, and the response is relatively slow when PMSC output speed is decreased in the low load condition.
The design and the development of actual prototype of PMSC provide a basis for making more transmission devices based on the principle of electromagnetic mechanics, and it is of great theoretical guidance and practical reference value for the design and optimization of contactless permanent magnet transmission devices.
